Posttraumatic stress disorder (PTSD) is associated with smaller volumes of the hippocampus, as has been demonstrated by meta-analyses. Proposed mechanistic relationships are reviewed briefly, including the hypothesis that sleep disturbances mediate the effects of PTSD on hippocampal volume. Evidence for this includes findings that insomnia and restricted sleep are associated with changes in hippocampal cell regulation and impairments in cognition. We present results of a new study of 187 subjects in whom neither PTSD nor poor sleep was associated with lower hippocampal volume. We outline a broad research agenda centered on the hypothesis that sleep changes mediate the relationship between PTSD and hippocampal volume.
Introduction
Multiple studies have identified smaller hippocampal volumes in subjects with posttraumatic stress disorder (PTSD) [2] [3] [4] [5] [6] [7] . Not all studies have found smaller hippocampal volumes [8] [9] [10] [11] , and various groups have suggested that hippocampal volume differences in PTSD are attributable to comorbid conditions such as alcoholism [12] or depression [13] . Still, in most studies of hippocampal volume in PTSD investigators have controlled for major psychiatric comorbidities, including substance abuse, and meta-analyses reveal that the correlation between PTSD and smaller hippocampal volume is widely replicated [6, [14] [15] [16] . Studies by our group suggest that hippocampal size in PTSD may change in subjects who either go into remission or have worsening of symptoms over time [2] [3] [4] [5] [6] [7] 17] . In addition, the severity of the PTSD has been inversely correlated with hippocampal volume [4, [8] [9] [10] [11] 18, 19] .
Decreased hippocampal size is not specific for PTSD, because it is present in such varied psychiatric conditions as depression [12, 20] , schizophrenia [13, 21] , and alcoholism [6, 12, [14] [15] [16] 22] . Sleep deficits are present in each of the aforementioned disorders [23] [24] [25] . As recently reviewed by Germain [26] , PTSD is highly correlated with sleep deficits, including increased stage 1 sleep, decreased slow-wave sleep, and increased density of rapid eye movement sleep. In fact, some authors (in particular, Ross et al. [27] ) have proposed that PTSD is a problem, primarily, of sleep. This raises the possibility that differences in hippocampal size are mediated by sleep pathology. (A similar mediating relationship has been found by our group, for example, in the association between PTSD and decreased parietal-occipital gamma-aminobutyric acid concentration [28] .)
The relationship between sleep disturbance and hippocampal volume has been investigated with mixed results. Rieman et al. [29] measured hippocampal volumes in eight patients with chronic primary insomnia (PI) and found them to be significantly smaller than those of matched controls, although the statistical significance did not survive correction for multiple comparisons. Winkelman et al. [30] followed this with a study of 20 patients with PI and 15 good-sleeping control patients in which they used manually defined hippocampal traces and found no difference in hippocampal volumes between the 2 groups. Noh et al. [31] found that, in 20 individuals with PI, hippocampal volume was negatively correlated with duration of insomnia symptoms. In this study, manually measured hippocampal volumes did not differ statistically from matched controls, although subjects classified as having PI did not differ significantly in total sleep time or sleep efficiency. Similarly, Winkelman et al. [32] found that hippocampal volumes did not differ between subjects with PI and normal controls, although their primary region of interest was the rostral anterior cingulate cortex. However, hippocampal volume was negatively correlated with wake after sleep onset and positively correlated with sleep efficiency.
Several voxel-based morphometry studies in which the authors used whole-brain instead of a priori regions of interest analyses found no differences in gray matter (GM) in the area of the hippocampus between good and poor sleepers [33] [34] [35] [36] . Our group found that worse insomnia was correlated with smaller volumes of the CA3 and dentate areas of the hippocampus [37] . Recently, in a region-ofinterest study, we found no significant difference between self-assessments of sleep and hippocampal volume, although there was an inverse correlation with total cortical and frontal GM volume at 1.5 Tesla [38] . Few studies of hippocampal volume aside from these have controlled for sleep quality or quantity. Overall, numerous studies have demonstrated hippocampal size differences inversely correlated with insomnia severity or severity of sleep deprivation. Still, the evidence is mixed, with most (but not all) whole-brain analyses (rather than region-of-interest approaches) tending to show no hippocampal differences (Table 1 ). This may be because whole-brain approaches have less power to detect differences in any one region when results are subjected to stringent controls for multiple comparisons.
We conducted a voxel-based morphometry analysis comparing GM volume with the severity of PTSD severity and with self-reported sleep quality by using standardized measures. Our a priori hypothesis was that sleep changes would mediate hippocampal volume changes associated with PTSD. We used a data set composed of veterans with PTSD, without PTSD but exposed to trauma, with recovered PTSD, and without any history of PTSD or trauma exposure. We designed a study in which we would test for differences in hippocampal size associated with severity of PTSD symptoms and then investigate whether those differences were mediated by differences in selfreported insomnia severity. In case no hippocampal size differences were associated with PTSD severity, we planned to test whether, in the same data set, hippocampal size differences were associated independently with selfreported insomnia severity.
Methods
Our study included 136 participants recruited via a list of Gulf War veterans provided by the Department of Defense and by advertisements placed in the community. Details of the recruitment methods have been reported elsewhere [39] . There was no effort to specifically recruit participants with PTSD. However, because it was recognized that PTSD, depression, and alcohol abuse/dependence might affect cognition, clinical symptoms, brain structure, and metabolism at the onset of the study, quantitative measurements of these variables were obtained. Inclusion criterion was being a US veteran of the First Persian Gulf War; exclusion criteria were severe physical impairment or medical illness, current or lifetime history of psychosis or of suicidal or homicidal ideation, history of neurologic or systemic illness affecting central nervous system functioning, a history of head injury with loss of consciousness for 10 minutes or longer, severe claustrophobia, and/or ferromagnetic objects in the body.
All subjects included in study completed, before undergoing the scanning, a Clinician-Administered PTSD Scale (CAPS) questionnaire and a Pittsburgh Sleep Quality Index (PSQI) questionnaire. The CAPS is a 30-item clinicianadministered standardized interview assessing for PTSD based on criteria from the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition [40, 41] . Greater scores indicate more severe PTSD. The PSQI is a self-rated 19-item questionnaire used to evaluate qualitative and quantitative aspects of sleep during the previous 1-month period. Greater PSQI scores indicate worse sleep [42] . A sleepdisordered breathing (SDB) score was assigned on the basis of the PSQI responses to questions related to not being able to breathe comfortably and coughing or snoring loudly and assessments by bed partners of snoring and pauses between breaths. Because obesity is associated with SDB [43] , we separately controlled for body mass index (BMI) when employing our SDB score.
Each subject had undergone brain magnetic resonance imaging with a 4-Tesla (Bruker/Siemens, Malvern, PA) system with a birdcage transmit and eight-channel receive coil. T1-weighted scans were obtained with a 3-dimensional volumetric magnetization prepared rapid gradient echo sequence, TR/TE/TI 5 2300/3/950 ms timing; 71-degree flip angle; isotropic 1.0 mm 3 resolution; 157 contiguous sagittal slices. Scans were processed using SPM8 (Welcome Department of Cognitive Neurology, Institute of Neurology, University College London, UK; http://www.fil.ion.ucl.ac. uk/spm). The initial processing steps were drawn from this program's voxel-based morphometry toolboxes as described by Taki et al. [44] . Scans were aligned, segmented into gray and white matter and cerebrospinal fluid, affine-registered to a standard Montreal Neurological Institute [45] brain template, and smoothed using an 8 mm smoothing kernel.
All results were analyzed in SPM8 using multivariate analysis of covariance. In our initial planned studies, we defined as the independent and dependent variables CAPS score and GM volume, respectively, and then PSQI score and GM volume. Results were corrected for multiple comparisons using the method of topological falsediscovery rate at a threshold of T 5 3 [46] and a minimum voxel size of 10. In subsequent post-hoc analyses, results were analyzed at P , .01 without separate correction for multiple comparisons. Results were analyzed using [32] ROI including hippocampus 20 patients with PI and 20 matched controls-same cohort as [30] Hippocampal volumes did not differ between groups; left hippocampal volume correlated with wake after sleep onset (negative correlation) and sleep efficiency (positive correlation) measured objectively Spiegelhalder et al. [35] VBM with DARTEL, ROI 28 patients with PI and 38 matched controls
No difference in hippocampal size between groups Joo et al. [34] VBM with DARTEL 27 patients with PI and 27 matched controls
No apparent differences in region of hippocampus between groups Killgore, Schwab, Kipman, DelDonno, and Weber, 2012
VBM with DARTEL 36 healthy subjects No significant difference in hippocampal size based on self-rated daytime sleepiness based on whole-brain a priori results Taki et al. [44] VBM with DARTEL 290 children with various degrees of sleep decrease on school nights
Hippocampus smaller in children sleeping less (finding survived correction for multiple comparisons) Stoffers et al. [36] VBM with DARTEL using ROI based on the peak voxel from whole-brain analysis 65 healthy subjects Hippocampal differences not discussed but hippocampus not identified as within the defined ROI Noh et al. [31] Manual morphometry 20 patients with PI and 20 matched controls
Hippocampal volume negatively correlated with duration of insomnia symptoms; hippocampal volumes did not differ statistically from matched controls, although subjects classified as having PI did not differ significantly in total sleep time or sleep efficiency Winkelman et al. [30] Manual morphometry 20 patients with PI and 15 matched controls
No difference in hippocampal size between groups Neylan et al. [37] Manual morphometry Subjective sleep assessment of 17 patients with PTSD and 19 matched controls
Worse insomnia correlated with smaller volumes of the CA3 and dentate areas of the hippocampus Altena et al. [33] VBM 24 patients with PI and 13 matched controls
No gray matter differences in the area of the hippocampus between groups Riemann et al. [29] Manual morphometry 8 patients with PI and 8 matched controls
Hippocampus smaller in insomnia but finding did not survive correction for multiple comparisons Abbreviations: DARTEL, diffeomorphic anatomical registration using exponentiated lie algebra; PI, primary insomnia; PTSD, posttraumatic stress disorder; ROI, region of interest; VBM, voxel-based morphometry.
two-dimensional "glass brains" native to SPM8. In cases in which analysis revealed differences in GM between groups, areas of difference were projected onto sections of the "Colin27" normal brain in the same space from the Montreal Neurological Institute (http://www.nil.wustl. edu/labs/kevin/man/answers/mnispace.html) to facilitate identification of anatomical regions.
Initial tests for association of hippocampal size with PTSD and insomnia severity were conducted using the following as covariates: total intracranial volume, age, and sex. In case of findings using these covariates, further analyses included these additional covariates: SDB score, BMI, tobacco smoking status, maximum alcohol use in the past week, Beck's Depression Inventory score, presence or absence of Gulf War illness (GWI) and history of exposure to sarin toxin. GWI is a chronic multisystem syndrome affecting military personnel and civilians who were in Iraq in 1991 [47] . Sarin is a neurotoxin implicated in the etiology of GWI. We previously found exposure to sarin to be associated with certain cognitive deficits and overall lower gray and white matter volumes in a study sample with significant overlap with the one described here [39] . GWI was previously identified in a fraction of study participants considered here, whereas exposure to sarin was found to be associated with lower GM volume in an overlapping data set [39] . Methods of determining GWI and sarin exposure are described in Fukuda et al. [47] and Chao et al. [39] ; respectively. To summarize in brief, GWI was determined using criteria defined by the Centers for Disease Control and Prevention [47] and information on sarin exposure was provided by the US Deputy Assistant Secretary of Defense for Force Health Protection and Readiness [39] .
Finally, data were processed using an explicit, inclusive mask over the regions of the hippocampus and parahippocampal regions to confirm that areas of differences in GM were located in a predefined region that included the bilateral hippocampus. The mask was obtained by combining the right and left regions labeled "hippocampus" and "parahippocampal" from an atlas used in the automated anatomical labeling procedure described by Tzourio-Mazoyer et al. [48] . We included parahippocampal areas in our mask to decrease the chance of type II statistical error in this study.
Results
Mean subject age was 50.2 years (SD 7.7), mean education level was 15.5 years (SD 2.3), and 13 subjects (7%) were female. Eight (6%) subjects reported that they smoked cigarettes regularly at the time of scanning, whereas 42 (31%) subjects reported drinking alcohol in the past week. Of those who reported drinking alcohol in the past week, the average number of drinks consumed was 6.4 (range 1-28). The average BMI was 29 (SD 4.0). The average Beck's Depression Inventory score was 7.4 (SD 8.3). The average score on the PSQI for the total sample was eight (SD 4.3). Of 52 (38%) non-zero CAPS scores, the average was 22.3, with nine (7%) subjects categorized as having current PTSD. Fourteen (10%) subjects had been categorized as having GWI, and 60 (44%) had been determined to have been exposed to sarin.
In our initial planned analysis of hippocampal size and CAPS score, we found no differences in GM volume in any brain region at the predefined threshold of T 5 3 when we controlled for total intracranial volume, age, and sex. In subsequent post-hoc analyses, no differences emerged at a threshold of P , .01 when we used a minimum voxel size 0.
In our initial planned analysis of hippocampal size and PSQI score, we found no differences in GM volume in any brain region at the predefined threshold of T 5 3 when we controlled for total intracranial volume, age, and sex. In subsequent post-hoc analyses, using threshold of P , .01 and controlling for intracranial volume, age, and sex, we found PSQI score to be negatively associated with GM in the area of the left hippocampus and entorhinal cortex bilaterally. The findings in the area of the hippocampus were absent at a minimum voxel size setting of 20 voxels, whereas all findings at P , .01 remained present at a minimum voxel size threshold of 10 voxels. Repeating our post-hoc analysis using our inclusive mask of the hippocampal region provided independent confirmation of anatomical location within the area of the hippocampus. These results are presented in Figure 1 
Discussion
Our results indicate that, in our sample, neither PTSD nor insomnia severity predicted hippocampal size differences when we corrected data for multiple comparisons using the method of false-discovery rate. Using less-stringent statistical controls, we found that post-hoc analyses likewise demonstrated no association between the severity of PTSD and hippocampal size but did reveal an association between the severity of insomnia and hippocampal size, in particular on the left side.
Overall, caps scores were relatively low for this sample among those with PTSD. It could be that lower hippocampal size is an effect only seen in patients with severe PTSD [49] . For instance, Gilbertson et al. [18] found differences in hippocampal size only in subjects with CAPS scores greater than 65. A meta-analysis [5] of studies of hippocampal volume in PTSD found this to be the case. The CAPS scores of subjects in this study were relatively low.
It is widely recognized that sleep facilitates learning and memory in rodents and humans [50] . Inversely, sleep impairment leads predictably to numerous cognitive deficits. In humans, these include prolonged reaction times, decreased resistance to cognitive fatigue, impaired decision-making, increased impulsivity and risk taking, decreased selfmonitoring of error (decreased error-monitoring), altered moral judgment, diminished appreciation for humor, and reduced ability to discriminate odors [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Thus, in humans, the known cognitive changes secondary to sleep deficits, although not all readily attributable to limbic network changes, would seem to evidence neural pathology on a very broad scale. In rodents, sleep loss leads to decreased hippocampal neural plasticity [61] , aamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor phosphorylation [62] , decreased hippocampal cell proliferation [63] , and decreased hippocampal N-methyl-D-aspartate receptor number [64] . Although the exact mechanisms responsible remain speculative, it is generally accepted that sleep effects cognition in humans in part via such structural and functional neuronal changes [65] . This finding is further supported by evidence that sleep problems predict and precede dementia [66] .
Most of the studies to date that have investigated structural brain differences in chronic insomnia [29, 30, 32, 33, 35] have relied on criteria for the diagnosis of PI from the Diagnostic and Statistical Manual for Mental Disorders, IV edition [41] , and 2 [31, 34] have used criteria from the International Classification of Sleep Disorders or relied on a model of acutely reduced sleep quantity [44] . PI and environmental sleep restrictions may each have limitations as a model for the sleep patterns observed in PTSD. Criteria for PI include nonrestorative sleep [41] , a feature not necessary for the diagnosis of PTSD. Subjective sleep complaints in PTSD vary but likely include altered perception of total sleep time compared with healthy patients [67] . The sleep features observed in PTSD include greater fraction of stage 1 sleep relative to slow-wave sleep and greater rapid eye movement sleep density [68] , which are features that have not been consistently found in PI.
Previous investigators have found negative correlations between hippocampal size and sleep quality or quantity, although this has also been a finding that has not been completely consistent in previous studies. In this study, we did find a negative correlation in post-hoc analyses between hippocampal size and sleep quality, although at lower statistical thresholds than those used in our initially planned analyses. This is a relatively large sample size that used a subjective measure of sleep quality. Most previous studies have depended on the diagnosis of PI, rather than PSQI scores, and have included approximately 20 subjects. To date, the largest study of hippocampal size and sleep quality (290 subjects) found smaller hippocampal sizes in subjects sleeping fewer hours and did not depend on the diagnosis of PI. It is possible that the PSQI scores in our data set were too high or were not variable enough to reveal differences in hippocampal size using more stringent statistical thresholds. Overall, however, the larger studies thus far, including this one, have demonstrated a trend toward smaller hippocampal sizes in subjects with poorer sleep.
The mechanism by which PTSD confers increased risk of dementia has not been identified, although proposed hypotheses have included reduced cognitive reserve and glucocorticoid-mediated or inflammatory cell damage [69, 70] . More research is needed in the area of PTSD and cognitive changes. It is vitally important to establish the mechanism by which PTSD precipitates cognitive changes as well as the process by which the disorder increases the risk of dementia later in life. The hippocampus is vitally important to the formation of new memories [71, 72] . The cognitive changes associated with PTSD in conjunction with findings of changes in the hippocampus raise the possibility that PTSD confers significant risk for progressive cognitive decline by a mechanism related to hippocampal functional changes.
The rationale for structural imaging of the hippocampus in PTSD has centered on the hypothesis that volumetric differences may correlate with critical neurophysiology and neuronal function. It is well established at this point that human neurons are capable of structural changes throughout life [73] and that neurogenesis remains possible in the adult [74] . Furthermore, imaging studies from humans indicate that hippocampal size increases in the setting of treatment [75, 76] and learning [77, 78] . Studies in animals reveal that learning leads to hippocampal neurogenesis, increased dendritic branching, changes in the number of dendritic synapses [79] , and increases in long-term potentiation [80] . In rodents, stress results in decreased hippocampal neurogenesis as well as decreased overall hippocampal volume [81] .
The diagnosis of PTSD carries with it certain implications of limbic dysfunction. The disorder is characterized by emotional activation from minimal contextual cues. This process bypasses the contextual contributions to memory that depend on the hippocampus [14] . Investigators have thus searched for hippocampal structural differences in this disorder characterized by hippocampal dysfunction at the phenotype level.
Available data indicate a range of cognitive abnormalities associated with PTSD. These include lower general cognitive ability, impairments in attention, visuospatial deficits, more negative appraisals, decrements on verbal and autobiographical memory, source monitoring difficulties, and attentional biases [82, 83] . Studies by Yaffe et al. [70] and by Qureshi et al. [62] indicate that PTSD poses significant added risk for dementia later in life.
Figures 2-4 illustrate explanatory models linking poor sleep, PTSD, and hippocampal changes. Figure 2 illustrates 2 predominant models in the current literature. In one model relating hippocampal volume and PTSD ( Fig. 2A) , a subject might develop PTSD and its attendant sleep and cognitive changes, which then impair limbic circuitry, as evidenced by hippocampal volume changes. Alternatively, in Figure 2B , differences in hippocampal volume might confer risk for PTSD, which then precipitates numerous behavioral changes, including sleep impairment. Poor sleep is generally considered a consequence of PTSD (as represented by its placement to the right of PTSD in Figs. 2A and 2B ), whereas hippocampal volume has been considered separately to either result from PTSD or increase the risk of the disorder. Figure 3 presents the aforementioned explanatory models identified but includes sleep changes as a mediating variable. If hippocampal volumes in subjects with PTSD are smaller because of changes in volume on the onset of the disorder ( Fig. 2A) , then this may be mediated by changes in sleep (Fig. 3A) . The cognitive deficits associated with impaired sleep might be accompanied by changes in hippocampal volume. Given that PTSD is also accompanied by various cognitive changes, it could be that sleep deficits mediate both cognitive deficits and hippocampal volume changes. Although studies have shown that poor sleep is associated with smaller hippocampal volumes, only one study to date has considered the relative contributions of PTSD and sleep to hippocampal volume.
Alternatively, if (as in Fig. 2B ), smaller hippocampal volume constitutes a risk factor for PTSD, then poor sleep might mediate this relationship (Fig. 3B) . In this case, individuals with small hippocampal volumes would be less capable of achieving high-quality sleep and thus are less resilient in the setting of acute stressors to developing PTSD. The hippocampus is vitally important to contextual memory encoding during sleep and likely relies on hippocampal-cortical connectivity during slow-wave sleep [84] . Slow-wave sleep is generally reduced in PTSD [68] . There is no evidence that small hippocampal volumes constitute a risk factor for poor sleep and it has not been determined whether individuals with poor sleep who develop PTSD initially have smaller hippocampal volumes to begin with. However, evidence does indicate that poor sleep is a risk factor for PTSD [85, 86] .
As illustrated in Figure 4 , poor sleep could represent a risk factor for decreased hippocampal volume. In Figure 4A , poor sleep is a confounding variable in the relationship between hippocampal volume and PTSD statuspoor sleep leads independently to both. Given the aforementioned evidence, it is highly unlikely that poor sleep is entirely unrelated to hippocampal volume in individuals with PTSD. The scenario outlined in Figure 4B has less evidence to support it. Although some evidence suggests that smaller hippocampal volumes constitute a risk factor for PTSD, it has not been established that poor sleep leads to smaller hippocampal volumes in these patients.
Future directions
Structural imaging studies have thus far been conducted in an arena in which information about brain physiology has been elusive, especially as it relates to psychiatric disease. The limitations of structural imaging to augment our knowledge of psychiatric physiology should be considered in light of our restricted access to the brain of living humans. Autopsy investigations, usually considered the "gold standard" in neuropathologic inquiries, carry the obvious shortcomings of not being able to interrogate living tissue or provide for longitudinal investigations. Thus, there remains an important role for studies considering the hypothesis that hippocampal size is smaller in PTSD. Future studies should ideally have increased power or new methods of investigation that may yield increased internal validity.
We posit that sleep changes may mediate differences in hippocampal size in subjects with PTSD. Few studies have considered sleep quality or quantity as a confounding variable in testing the hypothesis that PTSD is associated with smaller hippocampus sizes. To date, such a hypothesis has been considered in only one study [37] . Attempts to replicate these results would help to further our understanding of the relationship between stress, sleep and cognition.
If poor sleep were found to mediate changes in hippocampal volume, it would be easier to test other hypotheses regarding PTSD and hippocampal changes. Ultimately, it would be important to determine the relevance of hippocampal changes. This would best be accomplished by investigating what cellular and molecular changes gave rise to gross anatomical volume differences. The discovery of a mediating variable in structural imaging studies of PTSD would provide future studies with additional statistical power. In light of recent findings that PTSD confers an increased risk of dementia, it has become especially important to determine the mechanism of cognitive changes in PTSD and whether any effective treatment might ameliorate this risk. In particular, it would be valuable to know whether differences in sleep that are associated with PTSD contribute to the elevated risk of dementia associated with the disorder, as these sleep disturbances may be amenable to treatment.
